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We discuss the emerging trend that super-Chandrasekhar Type la Supernovae (SC- 
SNe) with progenitor mass estimate s significantly exceeding ~ 1.4 Mq tend to explode 
in metal-poor environments. While iTaubenberger et al.l (j201ll ) noted that some of the 
SCSNe host galaxies are relatively metal-poor, we focus quantitatively on their loca- 
tions in the hosts to point out that in three out of four cases, the SCSNe explosions 
occurred in the outer edge of the disks of their hosts. It is therefore very likely that 
their progenitors had far lower metallicities than those implied by the metallicity of 
their hosts' central regions. In two cases (SN 2003fg and SN 2009dc) the explosion 
sites were outside ~ 99% of the host's light, and in one case (SN 2006gz) the host's 
radial metallicity slope indicates that the explosion site is in a metal-poor region. The 
four th case (SN 2007if) h as the lowest spectroscopically measured SN la host metallic- 
ity ([Childress et al.l 120111 ). It may be possible to explain each of these unusually bright 
events through some progenitor scenario specific to that case, but a much simpler and 
straightforward conclusion would be to ascribe the controlling factor to the only physical 
aspect they have in common — metal poor environments. 

Subject headings: supernovae: general, supernovae: individual: SNe 2003fg 2006gz 
2007if 2009dc, white dwarfs 



X 



1. Introduction 

Type la Super novae (SNe la) are important both as astrophysical probes of cosmology (e.g.. 



Kessler et al 



20091. and references t herein) and for their role in the chemical evolution of galax- 



ies (e.g.. iKobavashi &: Nomotdl2009l ). At the same time, the nature of SNe la progenitors and their 
explosion mechanism are still uncertain. Two possible explosion scenarios have been proposed. In 
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the single degenerate (SD) scenario (e.g.. IWhelan &: Ibenlll973l : iPird l2008l : iMeng et al.ll2011bl ). an 
accreting carbon/oxygen white dwarf (CO WD) u ndergoes thermonucle ar explosion when its mass 
approaches the Chandrasekhar limit of ~ 1.4 Mq (| Chandr asekhaii 1 1 93 ll ) . In the double degenerate 
(DD) scenario, two CO WDs merge, possibl y with the help of a third star in the system accelerating 
the merger through the Kozai mechanism (lThqnipsonll20ld). to produce a progenito r that poten- 



tially is > 1.4 Mq (e.g., Ilben fc Tutukovl Il984l : 



Webbink 



19841 : IPakmor et al.l 1201(1 ). The decay 



of ^^Ni pro duced by SN la explosio n and the subsequent decay product ^^Co power the observed 
luminosity (jColgate Sz McKeelll969l ). 



Over the last decade, at least four SNe la have been discovered that were too luminous to 
have re sulted from thermo nuclear explosions of Chandrasekhar-mass WDs. It has been proposed, 
first by iHowell et al.l ()2006l ) for the case of SN 2003fg, that these four SNe la exploded through DD 
mergers. While it re quires ^0.6 Mf?) of ^^Ni to power a normal SN la lightcurve with a progenitor 
mass ~ 1.4 Mq fe.g.. lNomoto et al.lll984l : lBranchlll992l l. the inferred ^^Ni masses of the four super- 
Chandrasekhar SNe la range from ~ 1.2 Mq to ~ 1.7 Mq and imply total progenitor masses from 
~ 2.0 Mq to ~ 2.4 Mq (see Table 1). 



Taubenberger et al.l (j201ll ) noted t hat some of the SC SNe host galaxies are relatively metal- 

we pointed out that for three of the 



poor. In our discussion of SN 2009nr (jKhan et al 



2011 



four confirmed SCSNe events, the SNe were located far from the centers of their host galaxies, and 
probably were in significantly lower metallicity environments than implied by the metallicity of their 
hosts' central regions. The fourth case, SN 2007if, is located in a low-luminosity dwarf galaxy that 
has the lowest spect roscopically measured metallicity among SN la hosts (12-|-log(O/II)=8.01 ± 



0.09 or Z ~ O.ISZq, IChildress et al. 



2011 



using the R23 method of iKobulnickv Kewlevi l2004l ) . 
This motivated us to further examine the currently available evidence that SCSNe show a strong 
preference for metal-poor environments, quantitatively focusing on their locations in their hosts. 
Section [2] describes the SNe host galaxy data and Section [3] presents our analysis of the host 
properties. In Section [H we consider the implications of our results and their consequences for 
SNe la progenitor theories. 



2. Data 

We gathered publicly available images of the four SCSNe explosion sites in order to quan- 
titatively characterize their host properties. For SN 2003fg, five Hubble Space Telesc ope (HST) 



WFP C2 images taken through the F606W filter (HST Prog. ID 8698, PI: J. Mould; IVoet et al 



2005 ) were obtained from the HST archiv^, and they were combined to produce Figure [TJ For 



SN 2006gz, a Palomar Schmidt telescope image of the host galaxy IC 1277 taken through the POSS- 
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F606W Filter 




Fig. 1.— A HST WFPC2 view of the SN 2003fg explosion site in the F606W filte r. The circle 
marks the location of the SN. The center of the presumed host (iHowell et al.l l2006l ) is inside the 
circle, although it could plausibly be a tidal feature of the large morphologically disturbed galaxy 
at the same redshift. 

I blue filter (Figure [2]) was obtained from the STScI Digitized Sky Survey archiv^. For SN 2009dc, 
a Sloan Digital Sky Survey (SDSS) r ' band image of the host galaxy UGC 10064 (Figure H]) was 
obtained from the SDSS Data Release 7 archivqf|. For the SN 2007if host properties, we use the 



results presented by IChildress et al.l (|201ll ) 



Spectra of the SN 2006gz host galaxy IC 1277 and the large galaxy near the presumed dwarf 
host of S N 2003fg were obtained on 2011 April 6 with the Ohio State Multi-Object Spectrograph 
(OSMOS: Istoll et al.l[201ol : iMartini et ahlboilh on the 2.4-m Hiltner telescope. The OSMOS slit 
was oriented N/S and was centered on the galaxies. The raw data were processed using standard 
techniques in irafQ, including cosmic ray rejection using L. A. Cosmic (van Dokkum 2001). The 
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Fig. 2. — A Palomar Schmidt telescope image of the SN 2006gz host galaxy IC 1277 taken through 
the POSS-I blue filter. The location of the SN is marked with a circle. 



slit location (the red-sensitive inner slilo) we used provides a wavelength coverage of 3960-6880 A. 
The spectra were calibrated in wavelength using Ar arclamp spectra and in flux using coincident 
observations of a spectrophotometric standard from Oke (1990). 

For IC 1277, we extracted spectra of four HII regions along the slit using apert ures of 14 pixels 



(3.8 a rcsec). We determined their oxygen abundances using the N2 diagnostic of iPettini &: Page^ 



(| 20041 ). which depends solely on [N II]A6584/Hq!A6563. Due to the proximity of the lines, this ratio 
is very insensitive to reddening. For the galaxy near SN 2003fg, given the wavelength range at 
this redshift, only R23 methods were available to determine metallicity from the spectrum taken 
at its center, and estimates from the R23 methods were converted to the N2 scale that we used 



for IC 1277 using the empirical conversions of iKewlev &: EllisonI (|2008l ). The R23 methods are 
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Fig. 3. — The radial oxygen abundance profile of the SN 2006gz host galaxy IC 1277 along a slit 
going through the SN and the center of the host (based on four off-center H II regions). The dashed 
line shows a linear fit to the metallicity measurementsand has a gradient of ~ 0.03 dex kpc~^. The 
solid line marks the position of the SN and intersects the dashed line at 12-|-log(0/H)~ 8.26. 



very sensitive t o reddening correcti on, and we corrected only for Galactic reddening using E(B- 
V)=0.013 mag (jSchlegel et al.lll998l ). using the COM function, and assuming R=3.1. 



3. Analysis 



We used GALFIT (jPeng et al.ll2002l ) to model the host galaxies. We fit simple exponential disk 
profiles to the large morphologically disturbed galaxy near the presumed dwarf host of SN 2003fg 



SDSS r' band 

UGC 10063 ^0^- 




Fig. 4.— A SDSS r'-band image of the SN 2009dc host galaxy UGC 10064. The other galaxy at 
the top right , UGC 10063, is at the s ame redshift, and the the two galaxies may be linked by a 
tidal bridge ([Taubenberger et al.l 120111 ). The location of the SN is marked by a circle. 



(see Figured]) and to the host of SN 2006gz (IC 1277). For SN 2009dc, we fit a two-component 
(exponential plus sersic) disk/bulge decomposition profile to the SO host UGC 10064. We also 
used the IRAF^ Ellipse tool to analyze the galaxy profiles produced by GALFIT to approximately 
determine what fraction of total light is located interior to the location of the SNe in the hosts. 
Finally, we determined the radial metallicity slope of the host galaxy of SN 2006gz (IC 1277) from 
the spectroscopic data described in Section [2l A summary of the properties of the SCSNe events 
and their host galaxies is presented in Table 1. Throughout this section, we assume Hq = 72, 
= 0.27, and a flat universe when translating angular size or separation (arcsecs) to physical 
distance (kpc). 

SN 2003fg is located 4'.'04E and 2'.'53S from the center of the morphologically disturbed neigh- 
bouring galaxy (projected distance ~ 23.5 kpc; see Figured]), which is at the same redshift as the 
presumed dwarf host, althoug h the dwarf galaxy could also be a tidal feature of the much larger 



neighbour (jHowell et al.ll2006l ). The explosion site is ~ 0.9 kpc away from the center of the dwarf 
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host, and thus under any assumption the SN would be located in a metal-poor environment if it 
is indeed associated with this dwarf galaxy. Alternatively, the parameters derived by GALFIT 
indicate that the larger neighbour has an exponential disk scale length of ~ 0'.'64 or ~ 3.2 kpc. If 
this galaxy is the actual host, then the SN exploded > 7 disk scale lengths away from the center 
of its host. The GALFIT profile of this galaxy indicates that ~ 99% of its light is located interior 
to the location of the SN. An exponential disk profile is likely not the optimal function to model 
disturbed galaxies such as this, however there does not appear to be any significant flux excess 
towards the location of the SN except for the dwarf galaxy-like feature, and our estimate for the 
fraction of light within the SN location appear robust. Metallicity estimates of the center of this 
galaxy from the spectroscopic data presented in Section [2] using various R23 meth ods convert to a 



consis tent value of 12+log(0/II)~ 8.57 {Z ~ 0.5Zq) on the N2 diagnostic scale of lPettini fc Pagel 



(|2004l ). Although the metallicity gradient of morphologically disturbed galaxies is uncertain, our 
measurement shows that SN 2003fg is likely associated with a low-metallicity environment even 
if it originated from material ejected from the large galaxy with metallicity as high as that of its 
central region. 

SN 2006gz is loc ated 12^^W and 28 ^^S from the center of the Scd host IC 1277 at a projected 



distance of 14.4 kpc (jHicken et al.l 120071 ). The parameters derived by GALFIT show that IC 1277 
has an exponential disk scale length of ~ 14'.'4 or 6.7 kpc. This means that the SN exploded ~ 2.1 
disk scale lengths away from the center of the host at the outer edge of the disk of the galaxy 
(Figure [2|). The SN is located outside of ~ 75% of the galaxy's light. Analyzing the spectroscopic 
data presented in Section [21 we determined the radial oxygen abundance profile of the host. A 
linear fit to the oxygen abundance measurements has a gradient of ~ 0.03 dex kpc~^. In Figure O 
the dashed line shows the linear fit to the metallicity measurements and the solid line marks the 
position of the SN. It is apparent that the SN location is metal-poor (12+log(0/II)~ 8.26 or 

Z ~ O.25Z0). 

SN 2009dc is located 15 :^8W and 20^.^8N of th e SO host galaxy UGC 10064 (Figure HD at a 



projected distance of 12 kpc (ISilverman et al.ll201ll ). The parameters derived from GALFIT show 



that the host has an exponential disk scale length of ~ 13'.'8 (~ 6 kpc) and its bulge (Sersic index 
~ 3.8) has an effective radius of ~ 8" (~ 3.5 kpc). This indicates that the SN exploded ~ 2 
exponential disk scale lengths away from center of UGC 10064. The host is very highly inclined 
with GALFIT estimates for the axis ratio of < 0.1 for both the disk and the bulge components. If 
the SN exploded in an extended disk, the actual distance from the center of the host could be more 
than ten times larger, by simple geometric considerations. Although the SN is located outside of 
> 99% of the galaxy's light, the SDSS g' and r' band images show low surface brightness emission 
at the position of the SN that is fairly asymmetric around the galaxy, with more light in the side 
where the SN is (NW) compared to the opposite side (SE). This appe ars consistent with a fairly 



inclined disk, perhaps an extended disk. It has also been proposed by iTaubenberger et al.l (|2011 
that SN 2009dc might be associated with a faint and narrow tidal stream connecting the host 
with the ~ 10 times less massive neighboring galaxy UGC 10063 and the progenitor system may 
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Property SN 2003fg SN 2006gz SN 2007if SN 2009dc 



RA 14^16""18!8 18^10'"26!3 l'^10™51'!4 15^51™12!1 

Dec +52°14'55 +30°59'44 +15°27'40 +25°42'28 

Redshift 0.2440 ± 0.0003 0.0234 ± 0.0004 0.07416 ± 0.00082 0.022 ± 0.001 

Mv (SN) -20.0 -19.2 -20.4 -19.8 

Ami5 (B) 0.94 0.69 ± 0.04 0.71 ±0.06 0.65 ± 0.03 

s^Ni Mass 1.3 Mq 1.2 Mq 1.6 Mq 1.7 Mq 

Mtot 2.1 Mq — 2.4 Mq >2Mq 



Host Name Unnamed IC 1277 Unnamed UGC 10064 

Host Magnitude Mpeoew = -21.3 Mb = -20.3 Mg = -14.1 = -21.9 

Axis raio (b/a) ^ 0.6 ~ 0.7 — < 0.1 

Di 4'.'8 30'.'5 — 27" 

Da 23.5 kpc 14.4 kpc — 12 kpc 

L(<r) ~99% ~75% — > 



Table 1: Summary of the SCSNe events and their host properties, 
ordinates, redshift, peak niagnitude, 



progenitor mass) are fr om iHowell et al 



Scalzo et al.l mm), and 



log (|de Vaucouleurs et al 



Silverman et al 



1991 



Hicken et al. 


^1 

( 


2007 





The SNe properties (co- 
^^Ni mass and total 



(120091), 

(1201 ll). The host magni tudes are from the RC3 cata- 
fmSN gOOegz. Iscalzo et all (|20ld ) for SN 2007if, and the SDSS 



DR6 catalog (|Adelman-McCarthv et al.ll2008l ) for SN 2009dc. As the SN 2003fg host properties, 
we present those of the morphologically disturbed large neighbouring galaxy at the same redshift 
as the presumed dwarf host, and the absolute magnitude was determined from its GALFIT profile. 
The exponential disk scale axis ratios are from our GALFIT results, while Di (arcseconds) and 
D2 (kiloparsecs) are distances of the SNe explosion sites from the centers of their hosts. L(<r) is 
the approximate percentage of light located interior t o the locatioii of the SN in its host. No total 
progenitor mass estimate for SN 2003fg was made bv iHicken et al.l (j2007l ). SN 2007if exploded at 
the center of its faint low metallicity dwarf host. 
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have formed a few hundred Myr ago during an interaction of these two galaxies. It is impossible 
to measure the gas phase oxygen abundance or the metallicity gradient of this gas-poor galaxy 
directly using gas-phase abundances as we did for the host of SN 2003fg, but the central region 
of UGC 10064 appears to have a relatively undisturbed SO profile despite being in an interacting 
system, and it is reasonable to expect a metallicity gradient fairly similar to that of a relatively 
undisturbed spiral galaxy. Since during a galaxy interaction it is easier to disturb mass that is not 
deep in the potential well of the significantly more massive galaxy, even if SN 2009dc originated 
from mass ejected from the host, it is likely associated with low-metallicity material stripped from 
the outer regions. 



Discussion 



Several papers published recently have disc ussed low metall i city a s an important ingredient 
for the progenitors of possible SCSNe explosions. [Silverman et al.l (|201lh noted that while the host 
galaxy types and distances of the SCSNe explosion sites from the centers of their hosts v ary, a 
number of the SCSNe exploded far from the centers of the host galaxies. I Childress et al.l (120 111 ) 
pointed out many unusual S Ne la , including the SCSNe, have been discovered in low luminosity 



hosts. iTaubenberger et al.l (|201ll ) concluded that SCSNe show a tendency to explode in low- 



mass galaxies, and lo w- met allicity proge nitors may be an important prerequisite for producing 
superluminous SNe la. iKhan et al.l ((20111) observed that three of the four confirmed SCSNe events 
were located far from the centers of their host galaxies, probably in significantly lower metallicity 
environments than implied by the metallicity of their hosts' central regions. In the current work, we 
have quantitatively focused on their locations in the hosts to show that all of the SCSNe progenitors 
appear to be associated with regions of their hosts likely to be metal-poor. It is also important 
to note that the projected distances are only lower limits on the physical separations between the 
SN explosion sites and the centers of their hosts, and the actual distances will be larger and hence 
likely will have still lower metallicity. One could argue for a unique explanation for each of these 
four events, specially given that in two cases (SN 2003fg and SN 2009dc) the SNe are associated 
with interacting systems, but Occam's Razor suggests that it is simply due to a characteristic they 
all share, such as low metallicity. 

Although a detailed study of the stellar populations at the outer edges of the SCSNe host galax- 
ies is not possible, studies of Local Group galaxies demonstrate that the outer regions of galaxies 
primarily coi itain metal-poor st ars. The halo of the Milky Way is dominated by metal-poor stellar 
populations (jBrown et al.ll2010l ). In case of the M31 spheroid, the metallicity is known to decrease 
monotonically with increasing radius — it has r nean [Fe/H] values of —0.65 at 11 kpc, —0.87 at 
21 kpc, and —0.98 at 35 kpc from the nucleus (jBrown et al.l 120071 ). For M33, the stellar halo is 
significantly more metal p oor ([Fe/H]^ —1.5) than would be inferred from the metallicity of the 
disk stars ([Fe/II]~ —0.9, iMcConnachie et al.l 120061 ). These results provide strong circumstantial 



evidence supporting our conclusion that the SCSNe explosions far from the center of their hosts im- 
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ply that their progenitors were located in metal-poor environments, likely linked to low-metallicity 
star formation not associated with central regions of their hosts. 



Beyond the Local Group, discovery of ext ended UV disks around nearby galaxies M83 (jThilker et al 



20051 ) and NGC 4625 (|Gil de Paz et al.ll2005l ) have shown that while there is evidence for ongoing 
star formation in the very outer edges of these galaxies, both the star formation rate and total 
stellar mass in these regions are very small. Dwarf galaxie s and extended dis ks contain only a 
few percent of the total stellar mass or star formation (e.g., iBenson et al.l 120071 ) . and in the local 
unive rse about half of the s tellar mass is contained in elliptical galaxies or the bulges of large spirals 
(e.g. 



Tasca White 2011 



Yet, all four of the confirmed S CSNe exploded in these env ironments. 
Even including the additional candidate SCSNe considered bv lTaubenberger et al.l (|201ll ). for which 
the evidence of their SCSN nature is less conclusive, none has exploded in an early type galaxy. In 
other words, what is most striking about the SCSNe explosion sites is not where they are located, 
but rather where they are not: they avoid both spiral galaxy disks and elliptical galaxies, even 
though these are the regions that contain almost all the stellar mass and star formation. This is 
highly unlikely to be a selection effect, given that the SCSNe are some of the brightest SNe la ever 
detected, and thus are easier to discover in SN surveys than ordinary SNe la. 

The four confirmed SCSNe events are the high luminosity tail of the observed SNe la luminosity 
distribution, and thus by inference, total WD mass. This raises the possibility that other slightly 
less luminous SNe la may also have resulted from double-degenerate mergers resulting i n progenitor 



masse s exceeding the Chandrasekhar limit by a narrower margin. As we discussed in iKhan et al 



(|201ll ). these bright SNe la also tend to lie far from the centers of their hosts or in dwarf galaxies, 
suggesting more generally that their higher luminosities are likely related to the lower metallici- 



ties o f their environments, although whet 



(e.g., iHamuv et al. 



2000 



Gallagher et al 



ler this is driven by age or rn e tallicity is hotly de bated 



20051 . 12OO8I : IPrieto et al.ll2008l : iHowell et all 120091 '). For 



example. Figure 21 of iHicken et al.l (|2009l ) shows that roughly a third of all SNe la have a pro- 
jected distance of > 10 kpc from the centers of hosts. Some specific examples include SN 2007bk, 
wher e the over-luminou s SN was found ~ 9 kpc away from its metal-poor (Z ~ 0.25Zq) dwarf 
host dPrieto et ahlboosll. a nd the 1991T-like SN 2009nr which is located 4.3 disk scale lengths away 
from its host (jxhan et al.l I2OI1I ) . 

It is possible that in metal-poor systems the WD Initial-Final Mass Relation is highly uncon- 
ventional and the lo w metallicity systems produce an unexpected overabundance of SCSNe (e.g.. 



Umeda et al.lll999bl). Metallicit y may also significantly contribute to the SN la delay time distri- 
bution (e.g., iMeng et al.l l2011al ). Alternatively, the m apping of total WD mass to the expected 
^^Ni yield in the DD scenario (e.g., iHowell et al.ll2009l ) may be especially problematic in the very 



metal-poor tail of WD populations, and comparable WD masses may lead to a wide range of lu- 
minosities (e.g.. lUmeda et al.lll999al : IChen &: Lill2009l : iPakmor et al.ll2010l ). In the SD scenario, 
differential rotation of the WD has been proposed as a means of exceeding the Chandrasekhar- 
mass limit ( Pirol 20081) and low-me tallicity may be required for SD progenitors to highly surpass 
this threshold (jHachisu et al.ll201ll ). The small sample size of four confirmed SCSNe limits our 
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ability to verify any of these hypotheses, but the discovery of more SCSNe and re-analysis of pre- 
viously discovered very luminous SNe la should lead to a deeper understanding of the underlying 
systematics affecting SNe la luminosities, rates, and the nature of their progenitors. 
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